Nodulation of McCall soybean by the mutant, however, is acutely sensitive to the presence of the parental strain. Thus, addition of USDA257 to inocula containing 257DH4 can reduce nodule number by 95% or more, for reasons that are not yet clear (4). This nodulation blocking bears close resemblance to that involving European strain PF2 of R. leguminosarum bv. viciae, Asian strain TOM, and the garden pea, Pisum sativum L. (16, 18) . In the pea system, nonnodulating strain PF2 functions as the blocker, and nodulation by strain TOM is inhibited. Although the genes that endow strain PF2 with the ability to block nodulation have been isolated (8, 9), the physiological basis of the response remains, as it does in soybean, poorly understood. Here we describe the results of a series of experiments designed to characterize nodulation blocking in soybean. We show that this process is operative with cultivars other than McCall, that other rhizobia can substitute for USDA257 as blockers, and that nodulation by 257DH4 becomes insensitive to USDA257 within 6 to 12 h after inoculation. Blocking activity is associated with the capacity of a strain to induce foci of cortical cell divisions and nodule meristems in the host plant. 
improved cultivars Essex, Harosoy, Hodgson 78, and Vi9oja, as well as a supemodulating mutant of Williams, respond like McCall to inoculation with such mixtures of bacteria. Nodulation blocking on McCall can be elicited by rhizobia other than USDA257, provided that they meet two criteria: Blocking strains must themselves be able to induce cortical cells of McCall to divide, and such divisions must proceed to the stage of nodule meristem formation. Nodulation by the mutant remains sensitive to a challenge inoculation with USDA257 for only the first 6 to 12 hours after inoculation. Nodulation blocking involving mutant 257DH4 thus appears to be a rapid, generalized process.
Competition among Rhizobium strains and its influence on nodulating success has been extensively documented (7) . Although most of these interactions represent struggles between two or more nodulating strains, some involve the ability of nonnodulating microorganisms to obstruct nodule formation. Certain Azospirillum strains, for example, inhibit nodulation of clover by R. leguminosarum bv. trifolii (20, 21) .
Nodulation of particular soybean and pea cultivars by Rhizobium strains is similarly blocked by the presence of nonnodulating strains of Bradyrhizobium japonicum and R. leguminosarum bv. viciae, respectively (5, 16, 18) .
Using the soybean cultivar McCall, we recently discovered an analogous interaction between Rhizobiumfredii USDA257 and a mutant derived from it (4) . Parental strain USDA257 induces cortical cell divisions in roots of McCall soybean, but nodules do not appear on this and other agronomically improved cultivars (4, 12, 14) . Mutant 257DH4, which contains a single copy of transposon Tn5 in the sym plasmid of USDA257, also stimulates cortical cells to divide, but the response is sustained and nitrogen fixing nodules result (14) . The mutant and parental strain both nodulate primitive soybean cultivars such as Peking, as well as several other legume species, including cowpea (Vigna unguiculata [L.]Walp.) and siratro (Macroptilium atropurpureum [DC]Urb.). The TnS insertion thus endows the mutant with the capacity to nodulate agronomically advanced soybean cultivars but does not disrupt its baseline nodulating ability.
Nodulation of McCall soybean by the mutant, however, is acutely sensitive to the presence of the parental strain. Thus, addition of USDA257 to inocula containing 257DH4 can reduce nodule number by 95% or more, for reasons that are not yet clear (4) . This nodulation blocking bears close resemblance to that involving European strain PF2 of R. leguminosarum bv. viciae, Asian strain TOM, and the garden pea, Pisum sativum L. (16, 18) . In the pea system, nonnodulating strain PF2 functions as the blocker, and nodulation by strain TOM is inhibited. Although the genes that endow strain PF2 with the ability to block nodulation have been isolated (8, 9) , the physiological basis of the response remains, as it does in soybean, poorly understood. Here we describe the results of a series of experiments designed to characterize nodulation blocking in soybean. We show that this process is operative with cultivars other than McCall, that other rhizobia can substitute for USDA257 as blockers, and that nodulation by 257DH4 becomes insensitive to USDA257 within 6 to 12 h after inoculation. Blocking activity is associated with the capacity of a strain to induce foci of cortical cell divisions and nodule meristems in the host plant.
MATERIALS AND METHODS

Biological Materials
Soybean seeds were from the following sources: Evans, Hodgson 78, and McCall from D. A. Whited, North Dakota contained in strain 257S1 (14) , into IA728 (24) . The origins of Nod-transposon mutants 257B3, 257F3, and 257M5, as well as that of mutant 257DH4, have been described (14) . Bacteria were stored at -70°C in glycerol and cultivated in liquid YEM2 medium (26) .
Strain IA728(pRfDH40 1) was constructed as follows: First an EcoRI library of DNA from USDA257 was prepared in cosmid pLAFR (14) . An EcoRI fragment (about 14 kb) of the sym plasmid, which is known to contain the Tn5 insertion of mutant 257DH4 (14) , was used to screen the colonies (11) . One colony contained a cosmid with an insert that included an 8.0 kb EcoRI fragment with homology to the Tn5-containing fragment of 257DH4. This cosmid, designated pRf-DH401, was transferred into IA728 by triparental mating (6) to produce IA728(pRfDH401).
Assay for Competitive Nodulation Blocking
The basic procedure for measuring nodulation blocking has been described elsewhere (4 PBS replaced the mutant strain in controls. Nodulation was assessed visually as above, and the nodule position relative to that of the root tip mark was noted. In some experiments, the order of addition of the strains was reversed.
Cytological Analysis
Sets of McCall seedlings were inoculated with mixtures of bacteria, and the position of each primary root tip marked at the time of inoculation. Segments of primary root extending from 1 mm above to 9 mm below this mark were harvested after 5 d and processed as described previously (4 Figure 2 . In the absence of a delay, strain USDA257 attenuates nodule number to nearly zero, and the percentage of nodulated plants is reduced from 100% in controls to only 56%. Nodulation is progressively desensitized to blocking as the interval between the first and the challenge inoculation is lengthened. A delay of only 6 h substantially negates the blocking effect: 100% of the plants nodulate in the presence of USDA257, and the mean nodule number per plant is reduced by only about 50%. If the delay is longer, nodule numbers are only slightly less than those in controls. Reversal of the order of addition of the strains, i.e. USDA257 precedes 257DH4, has no effect on nodulation blocking. Mean nodule number per plant is 0.6 ± 0.2 in simultaneously inoculated controls and ranges from 0.3 ± 0.2 to 0 ± 0.2 when 257DH4 is delayed from 6 to 18 h.
The majority of nodules on the primary roots of soybean (1, 19) , including those of cultivar McCall (12, 22) , ordinarily cluster near the position occupied by the root tip at the time of inoculation, i.e. the root tip mark on the pouch. Most nodules produced by mutant 257DH4 are similarly positioned (data not shown), and strain USDA257 has little effect on the distribution of nodules above and below the mark. Thus, addition of the blocking strain at time 0 reduces the number of nodules above and below the mark by 94 and 89%, respectively. Delays of 6, 12, and 18 h in addition of the blocking strain result in a progressive 45%, 25%, and 0% reduction in nodulation above the mark and a corresponding 75%, 12%, and 32% reduction below the mark. The average number of lateral root nodules is always less than one per plant, and this number is not influenced by the presence of strain USDA257.
DISCUSSION
Transposon-mutant 257DH4 originally was selected for its ability to nodulate the agronomically advanced soybean cultivar, McCall, in plastic growth pouches (12, 14) . This attribute distinguishes it from the wild-type parental strain USDA257, which fails to form nodules under these conditions. Nodulation of McCall by 257DH4 appears to proceed in the fashion typical of soybean-Rhizobium interactions (4) but is acutely sensitive to the parental strain. This sort of negative, three-way interaction has been termed competitive nodulation blocking (8) . Although it is well known in several Rhizobium-legume systems (5, 16, 18) , none involves an isogenic pair of organisms such as USDA257 and 257DH4.
We show here that competitive nodulation blocking involving mutant 257DH4 and soybean is to some extent a gener- (3, 25) . The time frame during which nodulation of McCall by 257DH4 remains subject to disruption by USDA257, however, spans only about the first 10 h after inoculation. This period of sensitivity coincides with the earliest meristematic responses of the host to the mutant and suggests that these initial cell divisions are crucial in determining the fate of the interaction, in a fashion somewhat analogous to the autoregulatory response (19) . The ability to block seems nevertheless to be contingent on the strain's inherent capacity to induce a much later host response-the nodule meristem.
Although we do not yet understand how these nuances of host meristematic activity relate to nodulation blocking, there is increasing evidence that sustained division of host cortical cells in response to rhizobia is generally vulnerable to disruption. Thus, cortical cells of some nonnodulating soybean mutants begin to divide under the influence of rhizobia, but then cease prior to infection and nodule meristem formation (17) . The basis for this defect is unknown but has been attributed to rates of meristematic activity (17) . LeGal and Hobbs (15) recently have shown that development of genetically incompatible combinations between certain pea cultivars and strains of R. leguminosarum bv. viciae, too, is arrested at the stage of nodule meristem formation. This is particularly interesting, because meristematic activity in this legume is initiated deep within the cortex and not near the surface, as in soybean.
Although competitive nodulation blocking in soybean can involve combinations of a number of advanced cultivars and blocking strains, mutant 257DH4 appears to be singular in its sensitivity to blocking. Thus, wild-type R. fredii strain USDA191 is immune to the inhibitory effects of USDA257 (13) , even though it is the symbiotic equivalent of 257DH4 (12, 14, 22) . This observation tends to rule out several potential explanations for the blocking phenomenon. For instance, it seems unlikely that USDA257 merely triggers some form of generalized host resistance to further invasion by rhizobia. Similarly doubtful are explanations based on occupancy of nodule initiation sites by blocking strains (2) or saturation of the host's nodulation capacity with unproductive responses to the blocking strain. Although the actual mechanism of blocking remains obscure, the isogenic USDA257/257DH4 couplet offers advantages that we believe will help to resolve the question.
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